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An analysis is made of the role played by the gas environment in neutron-mirror-neutron and
neutron-antineutron oscillations. In the first process the interaction with the ambient medium
induces a refraction energy shift which plays the role of an extra magnetic field. In the second process
antineutron annihilation in practice might lead to strong decoherence, which should be taken into
account in experiments with free neutrons looking for the neutron to antineutron transformation.
PACS numbers: 12.90.+b , 14.20.Dh , 13.75.Cs
I. INTRODUCTION
The observation of neutrons transforming into mir-
ror neutrons [1] or neutron transformation to antineu-
trons [2] would be discoveries of fundamental impor-
tance. The idea that the Left-Right asymmetry of the
Standard Model can be restored by the existence of the
parallel mirror particle world has a long history starting
from [3] and recounted in the recent review [4]. This
concept bacame particularly important when it was re-
alized that Mirror Matter can be a viable candidate for
Dark Matter [5]. Mirror and Ordinary Matter worlds
have identical particle content and identical Standard
Model self-interactions in their own sectors. Besides the
evident gravitational force, the two sectors can also in-
teract via neutral particle mixing such as neutron with
mirror neutron, thus, leading to the n → n′ oscillation
phenomenon. That means that the wave function of the
neutron particle has two components n and n′, and the
latter will develop with time under appropriate condi-
tions such that after the “measurement” of the particle,
the neutron can be found to disapper with some prob-
ability by converting into an undetectable sterile mirror
particle. According to [1] such oscillations can occur
rather quickly τn,n′ & 1 s without contradiction with any
particle or cosmological data.
The transformation of neutron to antineutron was ex-
tensively discussed in the recent paper [6] in theoretical
and experimental aspects. This process would violate
baryon number B and B − L by two units and might be
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key to understanding the matter-antimatter asymmetry
in the universe. Neutron transformation to antineutron
would demonstrate the Majorana nature of the neutron
as it was originally conjectured in [7].
Neutron transformation to mirror neutron could be ob-
served as a process of neutron disappearance. Neutron
disappearance also can result from neutron swapping be-
tween our branewold and a neighboring one [8]. On the
other hand, the transformation of neutron to antineu-
tron, using the language of neutrino physics, would be
an appearance process.
The aim of the present paper is to call attention to a
physical process which, to our best knowledge, was not
adequately taken into account in the analysis of the neu-
tron oscillation experiments. This is the effect caused
by collisions with the atoms or molecules of the residual
gas inside the experimental setup. An important point
in oscillation experiments is to provide conditions for de-
generacy and coherence of the two states. To this end
the magnetic field B is shielded to a minimum and the
pressure inside the storage chamber is minimized. It will
be shown that collisions between neutrons and the resid-
ual gas molecules give rise to two effects. The first one is
the energy splitting between the neutron and its partner.
This may be described in terms of the refraction index
and is equivalent to a complementary“magnetic field.”
The second one is the destruction of the off-diagonal co-
herence. This can make the interference between the two
basic states impossible.
We formulate the general formalism equally well suited
for the description of both disappearance and appear-
ance processes mentioned above. As an application, two
examples are considered: (a) neutron-mirror-neutron os-
cillations neglecting the possible presence of mirror gas
and mirror magnetic field and (b) a loss of coherence in
neutron-antineutron oscillations.
2II. VON NEUMANN-LIOUVILLE AND
LINDBLAD EQUATIONS
The density matrix formalism is a natural way to de-
scribe the quantum system in contact with the environ-
ment. Interaction in the medium breaks the coherence of
the propagation making the description in terms of the
wave function impossible. Statistical matrix treatment
has been used in a wide range of problems in atomic and
particle physics. Our approach is close to that proposed
in a seminal paper [9] and later developed in [10]. The
problem of quantum damping or decoherence has been
formulated in terms of the density matrix in [11]. The
application of the density matrix formalism to the de-
scription of matter effects in neutrino oscillations may
be found in [12].
In the Introduction, we have presented two posible neu-
tron oscillation processes. To describe them, it is conve-
nient to introduce the following notations. Let the os-
cillations occur between the two“flavor” states |n1〉 and
|n2〉. By |n1〉 we mean the neutron, while |n2〉 may be
mirror neutron, antineutron, or a neutron from another
braneworld. There are also three possible scenarios for
the interaction with the environment. Both states |n1〉
and |n2〉 may be embedded in the same medium. This is
the case of neutron-antineutron oscillations in the pres-
ence of residual gas in a trap. The possible presence
of a magnetic field will be different for neutron and an-
tineutron as their magnetic moments are of opposite sign.
For the neutron-mirror-neutron oscillations, the environ-
ments are different if we assume the presence of mirror
gas and/or a mirror magnetic field. The same situation
occurs for the neutron swapping between the two branes
if the hidden brane is filled with another medium. Fi-
nally, only the state |n1〉 may be in contact with the envi-
ronment like in neutron-mirror-neutron oscillations with
mirror vacuum. This case, as we shall see from the equa-
tions, is described by the same formulas as the previous
one with certain parameters set to zero. The formalism
presented below will be applied to the situation when
both basic states interact with the same environment.
The situation when |n1〉 and |n2〉“feel” the influence of
different reservoirs deserves a special investigation.
The two-state system is described by the density ma-
trix [13].
ρˆ =
(
ϕ1ϕ
∗
1 ϕ1ϕ
∗
2
ϕ∗1ϕ2 ϕ2ϕ
∗
2
)
. (1)
Due to the interaction with the molecules of the reservoir
and the decay of the basic states, the density matrix ρ
undergoes a non-unitary evolution. The von Neumann-
Liouville equation ρ˙ = −i[H, ρ] is replaced by the Lind-
blad equation [14] for the reduced density matrix. It con-
tains new terms due to the degrees of freedom of the
environment which were integrated out. The properties
of the environment are assumed to be unchanged by the
interaction with the two-state system. Mathematical as-
pects of the problem [14] will not be considered further
here. Our aim is to determine how the presence of the
surrounding gas changes the picture of the neutron os-
cillations. We shall follow the approach proposed in [9].
The interaction of the |n1〉–|n2〉 system with the ambient
gas molecules is described by the amplitude
Fˆ (θ) =
(
f1(θ) 0
0 f2(θ)
)
. (2)
The reduced density matrix satisfies the following equa-
tion
dρˆ
dt
= −iHˆρˆ+ iρˆHˆ† + 2πνv
∫
d(cos θ)Fˆ (θ)ρˆFˆ †(θ). (3)
Here
Hˆ =

E +∆1 −
2π
k
νvf1(θ = 0)− i
γ
2 ε
ε E +∆2 −
2π
k
νvf2(θ = 0)− i
γ
2

 . (4)
In this Hamiltonian, ∆i = ~µiB (i = 1, 2) are the level
shifts due to the magnetic field, γ is the decay width of
|n1〉 and |n2〉 (assumed to be the same), ν =
N
V
is the
gas number density. Here we consider that both |n1〉 and
|n2〉 interact with the same ambient medium as it occurs
in n − n¯ oscillations. The diagonal elements of Hˆ con-
tain the additional level shifts proportional to fi(θ = 0)
(i = 1, 2) induced by the coherent forward scattering on
the gas particles. When a neutron with momentum k0
enters a medium, its momentum is modified according to
k′ = nk0, where n is the index of refraction. The expres-
sion for n should incorporate the thermal motion of the
gas particles. There is some discussion in the literature
about how to take this into account [15]. We follow the
expression for n presented in [15] and [16]
n = 1 + 2πν
m
µ
〈f(k, θ = 0)〉
k0
. (5)
Here m is the neutron mass, µ = mM(m +M)−1, M
is the mass of the target particle, k = µv, where v =
|vn − vt|, and vt is the velocity of the gas particle, 〈· · · 〉
3means the average over the velocity distribution of the
gas particles. For the refraction level shift, one obtains
∆Ei =
1
2m
[
k
2
0 − (nk0)
2
]
≃ −
2piν
µ
〈fi(k, θ = 0)〉, (i = 1, 2).
(6)
This equation is an obvious generalization of the Fermi
pseudopotential. The purpose of the present paper is to
develop a general formalism. The application to specific
experiments will be presented elsewhere. Therefore we
take vt at a fixed value vt =
√
3T
2M
. For molecular hydro-
gen at room temperature vt ≃ 2.0 · 10
5 cm · s−1. Most of
the experiments on neutron oscillations involve ultracold
neutrons (UCN) with energy E . 10−7 eV and velocity
vn ≃ (4− 5) · 10
2 cm · s−1. Therefore v = |vn − vt| ≃ vt
and one can replace 〈f〉 by its value at k = µv ≃ µvt.
This is how to understand the expressions for the refrac-
tion level shifts in (4) written in the form proposed in
[9]. Next we notice that the nH2 center-of-mass energy
corresponding to v ≃ vt is only E
∗ = 34
k2
m
≃ 0.014 eV
and up to this energy the amplitude is almost momentum
independent.
The collision integral in (3), the Lindblad term, is a
price to pay for the use of the reduced density matrix
describing only the evolution of the |n1〉−|n2〉 subsystem
[14]. Straightforward calculations lead to the following
set of equations for the elements of the density matrix.
ρ˙11 = −iε(ρ21 − ρ12)− γρ11, (7)
ρ˙12 = −i
[
d−
2π
k
νvRe(f1 − f2)− 4πνv Im f1f
∗
2
]
ρ12 − 4πνv
[
Im
(
f1 + f2
2k
)
−Re f∗1 f2
]
ρ12 − iε(ρ22 − ρ11)− γρ12, (8)
ρ˙21 = −i
[
d−
2π
k
νvRe(f1 − f2)− 4πνv Im f1f
∗
2
]
ρ21 − 4πνv
[
Im
(
f1 + f2
2k
)
−Re f∗1 f2
]
ρ21 + iε(ρ22 − ρ11)− γρ21, (9)
ρ˙22 = +iε(ρ21 − ρ12)− γρ22. (10)
where d = ∆1 −∆2. A closer look at Eqs. (7-10) allows
one to trace the origin of the coefficients governing the
time evolution of the coherence matrix elements ρ12 and
ρ21. Consider the following quantity
Λ = iνv
π
k2
(1− S∗1S2), (11)
where Si (i = 1, 2) are the scattering matrices in the
channels |n1〉 and |n2〉. Then
ReΛ = −4πνv
[
Re
(
f1 − f2
2k
)
+ Im f1f
∗
2
]
, (12)
ImΛ = +4πνv
[
Im
(
f1 + f2
2k
)
− Re f1f
∗
2
]
. (13)
III. BLOCH EQUATIONS
The time evolution of the density matrix given by (3)
and (7-10) may be represented in a vector form of the
Bloch equation [11, 17]. The real Bloch 3-vector R is
introduced by the expansion of the density matrix over
the Pauli matrices
ρ =
1
2
(1ˆ +R~σ), (14)
where
R =

 ρ12 + ρ21−i(ρ21 − ρ12)
ρ11 − ρ22

 . (15)
The set of the equations of motion (7-10) is equivalent
to the following equation of motion for the Bloch vector
R˙ = V ×R−DTRT − γR, (16)
where
V =

 2ǫ0
d+ ReΛ

 , DT =
(
ImΛ 0
0 ImΛ
)
, RT =
(
Rx
Ry
)
. (17)
The first term in (16) describes the “precession” of the
“polarization vector” R around the “magnetic field” V,
the second term corresponds to the transverse damping,
and the last one gives the exponential decay of the basic
states. Due the second and the third terms, the Bloch
vector R shrinks in length. The damping parameter DT
characterizes the rate at which the classical environment
destroys the off-diagonal elements of ρ, thus leading to a
loss of coherence.
From the structure of Eqs. (16)-(17), it follows that the
quantity ReΛ may be viewed as a complementary “mag-
netic field,” which is added to the magnetic field driven
term d. In other words, one can argue that ReΛ corre-
sponds to the energy shift due the refraction index. The
damping parameter DT , which is proportional to ImΛ,
induces decoherence, thus suppressing the oscillations.
On the other hand, ImΛ may be understood in terms of
continuous “measurements,” i.e., the transmission of the
information to the gas environment.
4IV. APPLICATION TO EXPERIMENTS
As noted in the Introduction, the application of the
present formalism to the experiments will be the subject
of another publication. Here, we will set the scene for
this task. The searches for neutron-mirror-neutron oscil-
lations have been performed in [18]-[20]. The review of
the past and future experiments on nucleon-antinucleon
oscillations may be found in [6]. We shall estimate the
relevant parameters entering into (7 - 10) and (16 - 17)
for the case of UCN confined in a trap 1. The favor-
able condition for oscillations is the degeneracy of the
two levels. In order to reach this regime, the magnetic
field B is shielded to a minimum (“zero” field run), and
the pressure inside the storage chamber is minimized.
Let us estimate the effect of the residual gas in the
experiments [18, 19] on the search for neutron-mirror-
neutron oscillations. Let the residual gas be molecular
hydrogen at room temperature with average thermal ve-
locity vt ≃ 2 · 10
5 cm
s
, which, within our approximation,
is equal to nH2 relative velocity. In the experiment [18]
the pressure was P1 ≃ 10
−8 atm, in [19] P2 ≃ 10
−6 atm.
Respectively, at room temperature, the densities were
ν1 ≃ 2.5 · 10
11 cm−3 and ν2 ≃ 2.5 · 10
13 cm−3. Molecular
hydrogen is a mixture of ortho- and para-hydrogen. The
internuclear distance is R ≃ 0.74 · 10−8 cm, the moment
of inertia is I ≃ (0.015 eV )−1. At T >> I−1 one has
ν (para)
ν ortho
= 13 . At room temperature, this ratio is 2.91
−1
[22]. The requisite energy to excite the molecule from
the ground para-hydrogen rotational state to the ground
ortho-hydrogen one is E∗min = I
−1 which is slightly
higher than the nH2 c. m. energy E
∗ =
3 k2
4m
≃ 0.014 eV .
We assume that the hydrogen gas is in a normal state
when all molecules are in their ground state and para-
to-ortho fraction is 13 . Corrections to this approximation
will be considered in another publication.
The coherent scattering amplitude for the normal mix-
ture is [23–25] 2.
f = −2
(
3
4
at +
1
4
as
)
≃ 3.74 fm (18)
The scattering from the two protons forming the H2
molecule adds coherently if the de Broglie wavelength in
the c. m. system λ = 2pi
k
≃ 3pi
mvt
≃ 3.0 · 10−8 cm is much
larger than the internuclear distance R. In the conditions
under consideration λ
R
≃ 4. Another important param-
eter is the ratio of λ to the mean distance ν−
1
3 between
the nearest scattering centers, Λ =
λ
ν−
1
3
(de Boer delo-
calization length). In both experiments [18, 19] Λ << 1.
1 See [21] for a comparison of the storage and beam experiments.
2 Note that the signs of the amplitude and the scattering length
are opposite in [26], which is not the case in the definition of the
amplitude in [24]
We take the value (18) for the amplitude f1 and neglect
the possible presence of the mirror gas [27] and hence
f2 = 0. Then
ReΛ = −4πνivRe
(
f1
2k
)
≃
{
−0.4 · 10−18 eV, when i=1,
−0.4 · 10−16 eV, when i=2,
(19)
for the experiments [18] and [19] respectively. Accord-
ing to Eqs. (8-9) and (17), these parameters have to be
compared with d = ∆1 = |µnB| at the minimum value
of B0 reached in the experiments (the presence of mirror
magnetic field is neglected). In [18, 19] B0 ≃ 10 nT , i.e.,
|µnB0| = 6 · 10
−12
(
B
1G
)
eV = 0.6 · 10−15 eV. (20)
Therefore the “effective magnetic field” (see (17)) in-
duced by the residual gas introduces ∼ 10% correction to
the value ofB0 in [19]. Note also that ReΛ≫
1
τ
nn′
, where
τ−1nn′ is the n−n
′ mixing parameter, τ−1nn′ < 1.5 ·10
−18 eV
[18].
From (16-17) it follows that when ImΛ = 0, the resid-
ual gas induces only an additional level splitting but does
not lead to decoherence. In terms of the density matrix,
decoherence destroys the off-diagonal terms and hence
the interference between the basic states. This is explic-
itly seen from (8) and (9). The terms ρ12 and ρ21 are
damped by ImΛ and by the β-decay constant γ. De-
coherence is important in n − n¯ oscillations due to the
strong annihilation in the residual gas. The leading term
in ImΛ (see (13)) is
ImΛ ≃ 4πνv Im(
f2
2k
) =
1
2
νvσa, (21)
where σa is the annihilation cross section. At low energy
according to PDG vσa(n¯p) ≃ (50 − 55) mb. Using this
value and taking ν2 = 2.5·10
13 cm−3 [19] and ν3 = 5·10
10
cm−3 [28], one obtains
(ImΛ)2 ≃ 10
−2 s−1 ≃ 10−17 eV. (22)
(ImΛ)3 ≃ 10
−5 s−1 ≃ 10−20 eV. (23)
This is an important result. It means that
ImΛ≫
1
τnn¯
= ε . 10−23 eV. (24)
This inequality means that the decoherence is so strong
that it may damp n− n¯ oscillations. This problem will be
thoughtfully investigated in the work in progress. Here,
we present an oversimplified but very transparent picture
of damped oscillations. Let us for simplicity assume that
magnetic field, i.e., the term d in (17) is exactly zero,
and more than that, ReΛ = 0. Then Eq. (16) for Rz =
ρ11 − ρ22 can be easily recast into the following second
order one
d2
dt2
Rz + (2γ + λ)
d
dt
Rz + (γ
2 + γλ+ 4ε2)Rz = 0, (25)
5where λ ≡ ImΛ. This is an equation for the oscillator
with friction. Assuming that at t = 0 the system is in
the state |n1〉, so that ρ11 = 1, ρ22 = 0, the solution of
(25) is
Rz(t) = e
−γt e−
1
2
λt
(
coshΩt+
λ
4Ω
sinhΩt
)
, (26)
where
Ω2 =
1
4
λ2 − 4 ε2 > 0. (27)
In the limit λ≫ ε (see (22), (23), (24)) the overdamp-
ing solution of (25) has the form
Rz ∼ e
−γt · e
−
4ε2
λ
t
. (28)
Solution (28) corresponds to a regime without oscil-
lations. The physical reason is that the time scale for
annihilation is much shorter than for oscillations. Vec-
tor Rz does not have enough time to turn from Rz = 1,
ρ11 = 1, ρ22 = 0 to Rz = −1, ρ11 = 0, ρ22 = 1 [11].
To overcome overdamping, the pressure of the residual
gas must be several orders of magnitude lower than the
value e.g. P = 10−6 atm used above. As will be shown
elsewhere, in its main features this picture is correct with-
out the simplifying assumptions which have been used.
Note that the limit ε . 10−23 eV was obtained not only
in the ILL experiments [28] in which the pressure was
P ≃ 2.0 · 10−9 atm and the damping could wash out the
oscillations, but also from the stability of nuclei [29]. In
n → n¯ search experiments like [28] or the proposed new
ESS-based experiment [6] with free neutron cold beams,
the neutron observation time is a fraction of a second.
It might be important to account for the characteristic
damping time 1
ImΛ of the order of 10
2 − 105 sec like in
(22), (23) together with other factors that we have so far
neglected for simplicity. Detailed calculations of these
effects will be described in a future work in progress.
V. CONCLUSION AND PROSPECTS
In this paper, we have developed a general approach
to neutron oscillations in a gas environment. At the core
of our formalism are von Neumann-Liouville and Bloch
equations, which correctly describe the two-level system
embedded in a gas reservoir. The interaction with the en-
vironment results in two effects. First, a refraction level
shift is induced which plays the role of an extra mag-
netic field. Neutron-mirror-neutron oscillation is a pro-
cess where this phenomenon might be important. Sec-
ond, the coherence, and hence oscillations, may be com-
pletely destroyed in the regime of overdamping. This is
the case for neutron-antineutron oscillations unless the
residual gas pressure is extremely low. The practical
implications of this effect for the future ESS-based ex-
periment [6] will be discussed in detail in the work in
progress. Finally, we mention that the problem of neu-
tron interaction with the surrounding surfaces [30] was
also left for future, more-detailed elaboration.
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